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Stephen Rothman [1] wrote: ‘‘Modern dermatology has been built on the
solid pillars of precise macro- and microscopic observation, accurate
recording and meaningful interpretation of the findings. No natural
science can exist without direct observation of natural phenomena, and
dermatology has become a great discipline because we have had so
many good observers.’’ He went on to state further that ‘‘y whereas the
immense knowledge acquired by the classical descriptive methods is still
rapidly increasing, the application of experimental methods to derma-
tologic problems is a relatively young and undeveloped approach.’’
These statements acknowledge the importance of observation and
description (usually thought of as features of morphology) in clinical
dermatology and in descriptive dermatologic research, but were made
before he could recognize the value of morphology to experimental
studies as well. Unfortunately, Dr. Rothman did not see the remarkable
expansion in dermatologic research that has taken place within even
the last 20 years, an era in which descriptive biology and experimental
biology are not necessarily separate entities or even parallel concepts.
Morphology is simply one of many approaches—sets of tools—that can
be used to solve problems in biology.
Morphology is often the starting point of an investigation. Under-
standing the structure of a cell or tissue provides a framework on which
other kinds of data can be applied. A morphologic study, however, need
not be synonomous with description and qualitative investigation.
Many of the techniques used by morphologists provide compositional
information (presence/absence of a chemical compound) on a structural
substrate (location within the cell or tissue) which, in turn, permits
interpretation of function. For example, electron microscopic autoradio-
graphy can be used to identify the site of incorporation of a radiolabeled
amino acid withm the tissue and the specific cell and organelle in which
it is utilized, or x-ray microanalysis can reveal the elemental composition
of parts of cells or different cells within a tissue. Through the use of
techniques like morphometry and stereology, morphologic studies can
also be quantitative. To continue the example from above, the volume
density of the radiolabeled organelle can be determined for a cell or
tissue by means of selective sampling and prescribed methods of
counting, thus allowing for quantitation and statistical analysis when
comparing experimental data. Morphology should not have the limited
connotation of providing purely descriptive information.
The structure and composition of a tissue can provide insight into its
function. As stated by Braverman and Braverman [2], ‘‘a major aim
of biological work is to correlate structure with function in order to
understand how tissues work.’’ The goal in the present paper, as
indicated by its title, is to support this statement as we review the use
of morphologic approaches to understand skin biology, selecting as
an illustration the progress that has been made in understanding
the structure, composition and function of one cell, the granular layer
keratinocyte. This approach avoids describing the advances in metho-
dology, and, instead, demonstrates how morphology has promoted the
conceptual development of the topic (Tables I–III).
WHAT DO MORPHOLOGIC METHODS OFFER?
AN OVERVIEW
The development of morphologic approaches for skin research has
involved the development of instrumentation (to a large extent,
microscopy) methods to prepare tissue for morphologic examination
(e.g., biopsy, separated epidermis and dermis, isolated cells, cell
fractions, extracted samples, cultured or grafted specimens, etc.) and
techniques to preserve (e.g., chemically fixed) and process (e.g.,
embedded, freeze-dried) specimens in as natural a state as possible, free
of distortion and artifact. Development of methodolgoy for tissue
preparation is as important as the development of microscopes with
high resolving power; the use of sophisticated instruments to examine
skin specimens is irrelevant if the tissue is poorly preserved and thus
provides only limited information. This can be appreciated by noting the
lack of clarity and detail in the electron micrographs of the investigators
in the 1950s and comparing them with the relatively high resolution
images of cell structure obtained by investigators in even the late 1960s.
The latter were prepared after reasonably good techniques of fixation and
embedding were available. Once the basic problems of specimen
processing for microscopy were resolved, new, specialized methods
were developed that at allowed for the identification of specific
components (histochemistry, cytochemistry, enzymatic extraction, im-
munolabeling, x-ray microanalysis, etc.), the demonstration of different
cellular compartments (e.g., intramembranous planes by freeze-fracture),
and assessment of viability (supravital stains) at the tissue (histologic) and
cellular (electron microscopic) levels.
To review both the instrumentation and morphologic methods in the
context of skin research would be equivalent to reviewing progress in the
methods developed and used by morphologists over the last 50 years,
an unwieldy topic of enormous dimension and little interest. However,
a cursory review is important for an investigator who may wish to
understand the range of approaches that can provide morphologic
information. Table IV has been prepared as an overview which includes
examples that demonstrate how a method has been used to provide new
information about skin structure, composition and/or function.
A MORPHOLOGIC PROFILE OF THE GRANULAR LAYER
KERATINOCYTE PROVIDES: STRUCTURAL,
COMPOSITION AND FUNCTIONAL INFORMATION
The granular layer is defined primarily on a structural basis. It is
recognized by its position as the uppermost two—three layers of the
viable epidermal compartment and by darkly stained or electron dense
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granules now known to be the keratohyalin granules (Fig 1). Currently we
have a clear view of the structure—and we understand a great deal about
the function—of the granular cell and its intermediate position between a
metabolically active and a dying cell. This was not always the case. This
level of understanding was attained gradually as new information about
each of the cellular components was unravelled, through morphologic
investigation, and separate or coordinated studies of epidermal and
granular layer biochemistry. Descriptive morphology at the light and
electron microscopic levels has set the stage for further investigation into
each of the elements imaged: keratohyalin granules, lamellar granules,
filaments, plasma membrane and the nucleus. Each of these has been
studied in the intact tissue or isolated for study of the structure apart from
its relationship with other cellular components. The evolution in our
understanding the structure, composition and function of these structures
will be reviewed as a means of demonstrating the role morphology has
played in advancing our understanding of skin biology. Admittedly, by
focusing primarily on morphologic data in our discussion of the granular
cell, a substantial amount of information will be missing. This is
particularly notable when considering the molecular composition of the
keratohyalin granule and keratin filaments, but the boundaries of this
discussion are set by the charge to review the development of morphologic
approaches in dermatologic research rather than to comprehensively
review the various aspects of the granular layer keratinocyte.
Keratohyalin Granules (Table I) The most conspicuous structure within
the granular cell is the keratohyalin granule (KHG), named by Waldeyer
in 1882 and described by light microscopists as ‘‘round specks, coarse
irregular lumps, drops or rods’’[3]. Some thought they were formed in the
granular cell at the expense of mitochondria; others suggested they
originated from the Golgi, the ground substance, or from tonofibrils by
‘‘fibrillorhexis,’’ as reviewed in [4]. Similarities in staining of KHGs and
chromatin with basic dyes led to the concept that KHGs may be
breakdown products of the nucleus [5]. However, stains specific for DNA
(Feulgen) revealed that DNA was not a component of the KHG [6]. RNA
was considered an alternative to account for the basophilia, but, except
for the observed (by transmission electron microscopy) association of
ribosomes with the periphery of the KHG (particularly notable in the
rodent KHG), there was no evidence from histochemical staining or other
methods of analysis to suggest that RNA was a significant component [7].
Nonetheless, the apparent relationship of RNA with the KHG helped to
focus the perceived function of the keratohyalin granule in the right
direction: KHGs may be active sites of synthesis rather than the
byproducts of degradation [6]. This was not a new concept. In 1879
Ranvier described the granular layer as a ‘‘keratogenic layer’’ [4]. How
the keratohyalin granule is involved in keratinization has been unravelled
through studies that have increased our understanding of its structure,
chemical composition and metabolism.
The ultrastructure of the KHG supported the concept that it is related
to ‘‘keratin.’’1 The smaller KHGs of the deeper granular layer cells were
observed to ‘‘grow’’ [8] in size progressively toward the stratum corneum
[9] (Fig 1), forming large masses of electron dense substance within the
Table I. Evolution of Understanding of the Keratohyalin Granule Based on Morphologic Evidence
Concepts of Keratohyalin Granule Structure and Function Morphologic Evidence
KHGs are large, dark staining granules present in the upper
epidermal layers
Light microscopic observations of sections of epidermis
KHGs may be degradation products of keratinization Similarities in staining with other structures in the tissue, based on histologic preparations
Mammalian KHGs granules have a particulate
substructure, rodent KHGs are heterogeneous in structure
Electron microscopic observations of KHGs in fixed, embedded samples of epidermis
KHGs are associated with filaments Electron microscopic observation of embedded tissue; extraction of the dense material in the KHG with
acid, alkali or buffer reveals filaments which are then identified by immunocytochemical staining with
anti-keratin antibodies
Mammalian KHGs are not sulfur-rich Histochemical staining for SH groups and S-S bonds in tissue; sections and isolated KHGs;
3H-cystine fails to localize specifically in the granular layer when examined by autoradiography
A small KHG in rodent epidermis is sulfur-rich High sulfur peak occurs over ‘‘single granules’’ when tissue samples are analyzed by energy dispersive
x-ray microanalysis; ‘‘single granules’’ are positive when reacted with silver methenamine and
examined by electron microscopy
KHGs are histidine-rich Strong staining of the granular layer and KHGs with the histochemical stain for histidine (Pauly reaction);
specific uptake of 3H-histidine by cells of the granular layer
KHGs bind metallic ions Selective binding of radiolabeled Zn; KHGs are strongly reactive with solutions of other cations as
demonstrated by staining reactions of tissue sections
KHGs are sites of active protein An association with ribosomes is noted by electron microscopy; selective uptake synthesis of
3H-histidine and other labeled amino acids occurs in labeled animals and isolated tissue sections; mRNA
for profilaggrin is localized in the granular layer by in situ hybridization
The protein of the KHG is related to a protein
in the stratum corneum
Translocation of 3H-histidine from the KHG to the stratum corneum in animals injected with label or
tissues incubated in label; cross-reactivity of protein in the KHG and stratum corneum when the tissue is
stained immunohistochemically with antibodies to stratum corneum matrix protein or KHG protein;
similarity in reaction of the KHGs and lower cornified cells with staphylococcal protein A in
glutaraldehyde-fixed tissue
KHG-derived protein can ‘‘glue’’ and keratin
filaments
Similar fine structure is noted when comparing KHG in align transitional cells and lower stratum
corneum cells; interaction between stratum corneum matrix protein and keratin filaments in vitro leads
to the formation of aligned macrofibrils that have a ‘‘keratin pattern’’-like organization when examined
by electron microscopy
1The early definition of ‘‘keratin’’ equated keratin with the content of the stratum
corneum cell.
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transitional cell, a cell that is intermediate between the granular and the
cornified cell [10]. This suggested a gradual and sequential evolution of
keratohyalin as it became incorporated into the keratin of the cornified
cell Keratohyalin granules were also observed to be associated with
filaments (tonofibrils) [8,11–14] in a manner that was reminiscent of the
association between filaments and the dense substance in stratum
Table II. Evolution of Understanding of the Lamellar Granule Based on Morphologic Evidence
Concepts of Lamellar Granule Structure and Function Morphologic Evidence
Lamellar granules are membrane bound organelles, with a
lamellated internal structure, found in the upper epidermal layers
Electron microscopic observation of fixed and embedded samples of epidermis and oral
epithelium
Laternal contents appear to be flattened discs or liposomes Electron microscopic observations of freeze-fracture replicas of the lamellar granule in epidermis
Lamellar granules are lipid-rich Assumed correlation of the structure as seen by electron microscopy; confirmed by fluorescence
microscopy using a fluorochrome that recognizes lipids in general; specific classes of lipids
identified by histochemical staining of tissue sections and isolated cell fractions containing
lamellar granules; reaction of tissue with digitonin reveals the presence of free sterols when
tissue is processed for freeze fracture and replicas are observed by electron microscopy
Lamellar granules contain hydrolytic enzymes Histochemical reactions demonstrate the presence of specific hydrolytic enzymes
Calcium ions are stored in lamellar granules Ion capture cytochemistry using oxalate-antimonate-osmium precipiate technique reveals
electron dense deposits in the lamellar granules when seen by electron microscopy
The lamellar granule is the source of the lipids that form the
intercellular lamellae at the granular-stratum corneum interface
and within the stratum corneum
Electron microscopic observation shows that lamellar granules become associated with the
plasma membrane and release their contents into the extracellular space by exocytosis; there is a
similarity in organization of the lamellae within the lamellar granule and the initial disk-like
organization of material in the intercellular space as seen by electron microscopy in routine and
freeze-fractured specimens; histochemical staining of lipids in the granular and cornifed cell
layers indicates the relationship of lipids in the two layers
The lipids of the lamellar granule are remodeled in the
intercellular space
Histochemical staining of lipids and enzymes indicates that the appropriate enzymes are present
to alter the polar lipids of the lamellar granule to the neutral lipids of the intercellular space
The content of lamellar granules does not coat the membrane Electron microscopic observation failed to confirm a relationship between the material expelled
from the lamellar granule and that which reinforces the plasma membrane in a submembranous
location
The lamellar granule derived lipids of the intercellular space
for the epidermal permeability barrier
Tracers injected into the skin and allowed to percolate upward or placed on the skin and
allowed to penetrate downward are blocked at the level of the intercellular lipid lamellae
Table III. Evolution of Understanding of the Keratin Filament Based on Morphologic Evidence
Concepts of Keratin Filament Structure and Function Morphologic Evidence
Anisotropic fibrils are present in the viable epidermal cells Light microscopic observation
Filaments in epidermal cells are artifacts Light microscopic observations of living cells; low resolution electron microscopic
observation of fixed and embedded epidermal cells
Filaments are present in epidermal cells of all layers; individual filaments
and loose bundles of filaments occur in basal cells, filaments are consolidated
in suprabasal cells and are even more densely packed in cornified cells;
filaments are oriented according to the major axis of the cell
Light and electron microscopic observations of epidermal cells in fixed, embedded
samples of skin
Filaments in all layers have similar molecular structure X-ray diffraction of epidermal protein from viable epidermal layers and
the stratum corneum
Keratin filaments consist of protofibrils and protofilaments High resolution electron microscopic observation of negatively stained and
shadowed preparations of reconstituted and variably unravelled keratin filaments
Filaments serve a cytoskeletal role providing both mechanical strength
and flexibility; they provide a counterbalance to distorsion, assist in
centration of the nucleus and implement cell-cell contact
Light and electron microscopic observation of filaments in epidermis and cultures
keratinocytes; immunofluorescent staining of keratin filaments in cultured
keratinocytes revealing their architectural organization
Filaments play a role in keratinization Light and electron microscopic observations of keratins in all epidermal layers;
immunohistochemical labeling of keratins in all epidermal layers demonstrating
their continuity at all stages of differentiation; relationship with KHGs demonstrated
by enzymatic digestion of keratohyalin and immunostaining of unmasked filaments
remaining within the KHG remnants
Different classes of keratin filaments are expressed in cells according to
the type of epithelium and its embryonic origin, state of differentiation,
extrinsic conditions, body site, disease state and species
Immunohistochemical labeling with anti-keratin monoclonal antibodies recognize
different classes of keratins in different tissue sections and cultured cells
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Table IV. Summary of Morphologic Methods as Applied to Studies of Skin Biology
Special Instruments, Techniques for
Morphologic Research Examples of Use of Technique in Skin Investigation
Microscopy
Routine light microscopy
Brightfield To examine histologic preparations
Darkfield To emphasize silver grains revealing location of radiolabeled molecules; cDNA probes [41]
Fluorescence microscopy To excite fluorochromes used as general [126] or specific stains (e.g., lipids-ANS, [75]), as labels for probes such as antibodies or
lectins e.g., [123]; or to recognize an ion (e.g., calcium with chlorotetracyclin [81]; two fluorochromes may be used to label a
tissue simultaneously; stereopairs of fluorescent images may be obtained to reveal three-dimensional appearing relationships
[109]; staining can be enhanced and fading prevented by including para-phenylenediamine in the mounting buffer [127]
Nomarski differential
interference optics
To provide visual depth to surface structure; used with frozen sections to enhance cell boundaries and spatial organization (cell
stacking) inherent in swollen, alkali-treated epidermis [128]
Polarizing microscopy To evaluate birefringent properties characteristic of oriented, isotropic structures; demonstrated lattice-like structure of tonofibrils
in the epidermis of callus [100]; changes in tonofibril density, orientation from basal to granular layer in accord with the changing
cell shape in normal epidermis; to reveal deviations in normal fibril orientation in dyskeratotic and malignant lesions [129]
Scanning laser acoustic
microscopy (SLAM)
To visualize boundaries in and properties of skin based on differences in ability of the tissue to propagate ultrasonic waves;
information reflects material properties of the tissue such as connective tissue, water content and order; has been used to study
wound healing and skin pathology [130]
Transmission electron
microscopy (TEM)
To evaluate at high resolution the morphology of cells, organelles, extracted components, tissue fractions and molecules prepared by
a variety of techniques; TEM negatives also have been used to quantitatively analyze the density of a structure using a densitometer,
e.g., desmosome structure [131] or used in optical diffractometry to obtain information about the periodicity of a structure (e.g., the
nonvesicular portion of the Langerhans cell granule [132]); can be used in combination with image analysis devices
Scanning electron microscopy
(SEM)
To visualize three-dimensional, topographic structure of cells, tissues, extracted components, cell particles etc. at high resolution;
can be used in combination with image analysis devices
Scanning transmission electron
microscopy (STEM)
To obtain quantitative, compositional information in the context of its position within the tissue [133–135]; primary method used
with x-ray microprobe and energy dispersive x-ray microanalysis; also used to obtain data on the mass of a structure using linear
density measurements of the imaged structure, e.g., mass of intermediate filaments [97]
X-ray Diffraction To reveal information about the molecular structure of crystalline objects thereby to assist in understanding molecular interactions; has
been used to demonstrate periodic patterns of extracted, stretched and unstretched keratin [20,92–94]; reconstituted keratin filaments
[95], keratin from patients with harlequin ichthyosis [136], stretched crystalline lipid in stratum corneum cells [137], and to show that
the lipid patterns characteristic for the stratum corneum reflect the total composition of the lipids in the intercellular space [138]
Physical Changes in Tissue
Composition and Organization
Prior to Morphologic Examination
Epidermal-dermal separation The epidermis and dermis can be separated at the dermal-epidermal junction by a variety of methods (heat, enzymes, etc.);
controlled separation of the epidermis below the granular layer can be accomplished by the injection of staphylococcal
epidermolytic toxin [64]; the epidermal sheets and dermis then can be used independently in experiments and studied by various
morphologic techniques
Epidermal cell separation Cells can be separated enzymatically and sorted with a cell sorter [139], or by panning, rosetting (e.g., for Langerhans cells),
density gradient or velocity sedimentation, or by sequential trypsinization. Isolated preparations are easily pelleted and embedded
and sectioned or affixed to slides for microscopic examination. Tape stripping is also commonly used to remove stratum corneum
cells, layer by layer; has been used to compare sizes of cells in normal [140] vs. pathologic tissue (e.g., uninvolved and involved
areas of psoriasis patients; [141])
Cell fractionation Fractions of cells are examined morphologically to confirm the presence of a specific organelle (e.g., lamellar granule [72–74])
and/or labeled compound incorporated by the tissue prior to separation and fractionation [27]
Biochemical isolation;
reconstitution
Chemically isolated components can be examined as crude or purified preparations (e.g., keratohyalin [27,40,50]; keratin [142]),
after reconstitution into a structural entity (e.g., keratin filaments, [95]) or after reaction in vitro of two or more components
(e.g., keratin filaments and filaggrin [61] or a protein (keratin) and divalent cations [143]
Replica formation Replicas of the skin surface, or of faces of frozen, fractured tissue, can be prepared for light and electron microscopic examination
of topographic morphology. This can be accomplished noninvasively by the application of cyanoacrylate to the skin surface.
Replicas of stratum corneum cells (for example) were prepared at progressively deeper layers and examined by SEM in order to
correlate anatomic change with properties of cell cohesion [144]; (see also freeze fracture)
Swelling Treatment of tissue with alkaline solutions [145] causes swelling of the stratum corneum allowing visualization of tissue
architecture [128,146] and ease in cell counting [147]
Freeze fracture Frozen tissue is fractured in vacuuo and a replica of the fractured or etched (controlled sublimation of ice) surface is prepared by
carbon and metal shadowing. Fracture planes are frequently within a membrane revealing detail about the internal surfaces of the
membrane leaflets. The technique has been used to compare structure of plasma membranes and intercellular junctions of different
epidermal layers [85,86], normal versus diseased epidermis (e.g., psoriasis, [148]) and lamellar granules [69]; pre-treatment of the
tissue with markers for specific lipids of membranes (e.g., filipin treatment to mark cholesterol sites in membranes) can reveal
differences in the chemical nature and distribution of molecules within various cell membranes [149]
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Table IV. Continued
Special Instruments, Techniques for
Morphologic Research Examples of Use of Technique in Skin Investigation
Analysis of Tissue Composition
Chemical Compounds
Histochemistry/cytochemistry/
bioassay
There are many tissue and molecule-specific stains which have played an important part in understanding the composition of a
region of the skin and the processes that are carried out therein. These reactions can be carried out in tissues (histochemistry) and/
or at the level of the cell (cytochemistry); some of the reactions are suitable for visualization at both levels (150)
Histochemical reactions used prominently in the skin are those which demonstrate the position of sulfur containing proteins by
recognizing sulfhydryl groups and disulfide bonded molecules (e.g., Barnnett and Seligman method, [24]; nitroprusside method;
[21,22]; the thiol reagent DACM, [151]), the presence of histidine (Pauly reaction [30]), lipids [75] and carbohydrate moieties.
Several components can also be visualized at the EM level, e.g., sulfur containing compounds (silver methenamine reaction [57]);
carbohydrate moieties (e.g., PAS stain [152] and PA-TCH [77]); lectins (120–122), enzymes (76); lipids (75,80); and DNA
(Schiff thallium [115])
Immunohistochemistry/
immunocytochemistry
Used in the same manner as histochemistry to localize specific compounds in tissue or cells; has relied upon the development of
antibodies as probes for identification of specific tissue components, structures or markers. Where antibodies are available,
immunohisto(cyto)chemical procedures have largely replaced histochemistry because of their greater accuracy, variation in
marker substances (fluorochromes, ferritin, colloidal gold), precision of localization (small, precise tags such as colloidal gold can
be used), application at both the light and electron microscopic levels, hence high resolution of information; can be used in
combination with other techniques.
Autoradiography Used to identify the site of a radioactively labeled molecule that has been administered to an organism in vivo or to cells or tissue
in vitro. The metabolism and possible relocation of that molecule in the tissue can be followed over time. The use of 3H-thymidine
has been particularly powerful in identifying mitotic cells and their progeny, determining cell cycle and cell transit times, and
revealing epidermal stem cells [153]; it is also useful for localizing the site and following the course of metabolism of a specific
organic compound incorporated in vivo (e.g., labeled 3H-histidine and 3H-cytidine incorporation into keratohyalin granules of the
granular cells [36]). Many kinds of radiolabeled probes can be used (see below for additional examples)
Molecular biology/in situ
hybridization
Used to identify the site of transcription of a specific gene using a cDNA probe; can be paired with immunocytochemical studies of
the same or a parallel tissue sample to determine where in the tissue the message and product are expressed—whether both are
expressed in the same cell of if there is differential regulation of the synthesis and expression of message. A radiolabeled probe is
used hence autoradiography is a component of the procedure; has been used to show that the expression of profilaggrin mRNA and
synthesis of profilaggrin protein occur coordinately in the granular cell layer [41]
Extraction/digestion To recognize, indirectly, the chemical composition of structures and organelles in the cell; can be done by digesting pre-embedded
tissue or using oxidized thin sections of post-embedded specimens with enzymes (pronase, trypsin, pepsin, RNAse, DNAse,
phospholipase C [17], and subtilisin [154], buffer (e.g., keratohyalin, [40]) or alkali then examined by electron microscopy; can
also unmask structures not seen routinely (e.g., filaments within keratohyalin granules [15,16])
Ion localization
Microininceration A forerunner technique to nondestructive elemental microanalysis, whereby fixed or unfixed tissue is heated to very high
temperatures leaving a ‘‘skeletal residue’’ of the tissue; the organic components are removed but the topographic relationships in
the tissue are preserved and the inorganic components (except for S and P) are retained. The mineral content is identified by the
color of the residue and/or reaction of the residue with other compounds or dyes [155]; the method has been used to compare
mineral content of the different epidermis layers and to compare epidermis from normal and diseased tissue [156]
Ion capture cytochemistry A method used to localize calcium stores in the tissue, at the cellular level, that depends upon the precipitation and formation of an
insoluble residue of calcium with oxalate and pyroantimonate. Sites of calcium ion are seen ultrastructurally as electron dense
deposits (81)
X-ray microprobe analysis/
Energy dispersive x-ray
analysis
Sensitive methods to analyze, qualitatively or quantatively, individually or simultaneously, the fixed and diffusible elements
present in tissues, cells and structures within cells; analysis is carried out by collecting characteristic x-rays emitted from specimens
bombarded by an electron beam. Sections, extracted material and/or whole mount specimens are imaged in a TEM or STEM during
the analysis; the method has been used to compare elements and diffusible ions in different epidermal layers in normal [157,158]
and diseased epidermis [134,159], to assay for the presence of S in various components of the granular cell [56], to evaluate the
role of Ca and S in the hardness of the nail [133], to compare elemental preservation using various modes of tissue fixation [160],
and to evaluate the water concentration across the epidermis [161]
Proton (particle)-induced X-ray
emission PIXE
A highly sensitive method for simultaneous analysis of elements with an atomic number greater than 14 using freeze dried sections
of skin bombarded with protons instead of electrons; because of the limited impedence of protons in passing through the specimen
(hence negligible background) the method is highly sensitive for heavy elements and trace elements which can be measured to a
level of 1 ppm. A profile of elements across the normal and psoriatic epidermis has been made using PIXE [162] and measurement
of the trace elements in hair [135] have obtained using this method
Other methods to determine
tissue mass (see also STEM)
X-ray images of paraffin-embedded sections can be prepared using historadiography. The amount of x-ray absorption, seen as
white on the film, is proportional to the mass which can be measured by a densitometric trace. This methods has been used to
compare density across the epidermis [163]
Analysis of Functional Properties Autoradiography has been mentioned as one morphologic method to trace the metabolism of a specific molecule or compound
administered through the cell and tissue with time. Another method to follow dynamic events in cells includes the use of tracer
compounds to follow pathways of permeability across the epidermis/through the skin. Lanthanum nitrate, ferritin and thorium
dioxide have been used as tracers to follow the intercellular space when incubated with tissue slides or injected intracutaneously
in vivo and allowed to permeate into the tissue. Use of this method demonstrated the epidermal barrier to coincide with the
lamellar granule-derived intercellular lipid lamellae [86]
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corneum cells. Charles and colleagues [12,13] reported that the
substance of keratohyalin is deposited on tonofibrils which remain
visible within this material as ‘‘lighter lines’’ embedded within a dense
matrix. This description foreshadowed accurately the ‘‘keratin pattern’’
Table IV. Continued
Special Instruments, Techniques for
Morphologic Research Examples of Use of Technique in Skin Investigation
Tissue and Cell Quantitation
Measurement/morphometry/
image analysis
Using careful sampling techniques and statistical analysis, studies are done to quantify the density of a structure. This can be
performed at the light microscopic (histometry) or EM level. These methods have been used to demonstrate, for example, the
density of attachment structures at the dermal-epidermal junction [164]; the size and overlap of populations labeled by
3H-thymidine and anti-69 kDa keratin with position among epidermal strata in normal and psoriatic epidermis [165], the
comparative volumes of nuclei among cells of the viable epidermal layers [166]; epidermal cell size and surface area in normal
[167] and pathologic epidermis [141]; changes in size of various epidermal compartments after time in organ culture [168], and to
compare epidermal cell size versus density [169]; some of the studies used computer-assisted measurement and analysis (e.g., [167])
Stereology A method which uses morphometric data from EM and LM two dimensional images to calculate the volumetric distribution of
cellular components. These studies provide objective, quantitative data that may be used to compare the cytoarchitecture of
different layers in normal [170] versus pathologic tissue and to demonstrate the volume density of one organelle [64,74]
3-D reconstruction Three dimensional structures (e.g., vasculature, cells, or parts of cells such as the Langerhans cells granule [171,132]) may be
reconstructed using information in serially sectioned tissue photographed at the light or EM level. Profiles of the structure of interest
are traced and the tracing are either entered into a computer (computer-assisted reconstruction), or used to make models from
string [172], balsa, wood or wax. The method has been particularly useful to demonstrate in three-dimension, the histology and
ultrastructure of normal cutaneous vasculature (e.g., [173]), vascular lesions (e.g., [172]), and the vessel wall [2]
Use of Morphologic Data in
Model Building
Several types of morphologic data (sometimes in combination with biochemical data) have served as the basis for building working
models of various cutaneous structures. This has been done, for example, to prepare models of intermediate [96,97] and keratin
filament molecular structure [98], structure of all or portions of the Langerhans cell granule [132,171], membrane organization in
lamellar granules and intercellular lipid sheets [69] and to explain the precursor product relationships between the lipids of the
lamellar granules and those in the intercellular space [75,80]
Figure 1. Transmission electron micrograph showing keratohyalin
granules three layers of granular cells (1–3). Note their increasing size
toward the epidermal surface and their association with filaments.
17,500
Figure 2. Transmission electron micrograph showing filaments (arrows)
within the substances of several keratohyalin granules.  33,750
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recognized in the large, dense keratohyalin of the transitional cell (see
Fig 18) and was reflective of electron lucent filaments embedded within
an electron dense matrix characteristic of the lower stratum corneum
cells (see Fig 11d) [8].
Digestion of the dense substance of the KHG confirmed that filaments
were an integral component (Fig 2). Extraction of skin with NaOH prior
to embedding [9,15] or of thin sections of skin Tris-HCL buffered saline
(TBS) [16], or 0.1 N HCl (human skin) post-embedding [17] unmasked
filaments that were seen in sections by light and transmission electron
microscopy and which reacted positively with an anti-keratin antibody
by immunohistochemical staining. No reaction to the antibody could be
demonstrated by KHGs in the tissue prior to extraction, indicating that
the substance of the KHG prevented the antibody from recognizing the
filaments [16] (Fig 3a–c).
Observation of the filament-keratohyalin relationship led to further
speculation on the role of the KHGs in keratinization. Brody [14]
suggested that the tonofilaments in the granular cell may become ‘‘glued
together’’ by the substance of the KHG and converted directly to
Figure 3. Electron microscopy of frozen sections of newborn rat skin extracted in 0.14 M NaCl in 0.1 M Tris-HCl, pH 8.0, stained with rabbit antikeratin IgG and
peroxidase conjugated goat antirabbit IgG. Keratoliyalin granules and tonofilaments are stained (A 7,500). An unstained nucleus (N) is seen. B in a higher
magnification ( 44,000) of A. Poststain with uranyl acetate demonstrates filamentous nature of the internal structure of keratohyalin granules (C44,000).
(From Fukuyama and Epstein, J Invest Dermatol, 74:179, 1980)
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‘‘keratin.’’ Alternatively, he speculated that the tonofibrils might
disintegrate or fragment to become the substance of keratohyalin which
then would contribute, indirectly, to the formation of ‘‘keratin’’ [14]. The
latter hypothesis was supported by farbman [18] and Bonneville [19]. We
know today, from more complete characterization of the filamentous
component and more precise knowledge of the molecular composition
of the KHG, that the former hypothesis reflects more accurately the
transition of keratin filaments and keratohyalin into the content of cells in
the stratum corneum.
We have referred repeatedly to the electron dense content of the
KGH as the ‘‘substance’’ of the KHG without defining it. Early attempts
(using morphology) at understanding the composition were based largely
on histochemical staining for specific organic molecules or functional
groups and by digesting sections with enzymes that remove certain
molecules selectively. Because of the noted coincidence of sulfur-
contaimng ammo acids (cystine and cysteine) with keratinized tissue
(stratum corneum, hair) and the presumed relationship of the keratohya-
lin granule with keratinization, sections of epidermis were stained for
sulfur using a variety of ‘methods which could distinguish between
sulfhydryl groups and disulfide bonds. It was believed that sulfhydryl
groups present on proteins within the granular layer were oxidized to
disulfide bonds, creating strong protein linkages as cells moved into the
cornified layers. It was not clear what proteins were involved in this
process. The findings from these studies indicated, however, that while
the granular layer—particularly the one most proximal to the stratum
corneum—might be slightly more reactive with the histochemical
staining for sulfur-containing compounds when compared with the other
viable epidermal layers, the keratohyalin granules were clearly neither
their primary source nor the site of deposition [20–27]. Staining of the
stratum corneum cells for disulfide bonds was always enhanced over that
of the viable epidermal cells, but the absence of positive sulfur staining of
the KHGs in tissue suggested that this material was not involved in
forming the disulfide linkages in cornified cells. High levels of sulfur in
the stratum corneum could also measured by energy dispersive x-ray
microanalysis (Fig 4). Autoradiographic studies were performed to follow
the uptake and relocation of radiolabeled cystine in the epidermis. The
granular layer showed a slight preference for the uptake of cystine [28],
and there was some labeling of the KHG [27,29], but, confirming the
histochemical data, the KHG was not the primary nor unique site where
label was concentrated [29]. It should be noted, however, that isolated
KHGs reacted positively with the histochemical stains for sulfur,
suggesting that the reaction may be blocked in vivo [27]. We will
discuss below that there is a population of small, sulfur-rich KHGs in
rodent epidermis.
Keratohyalin granules were strongly and specifically stained by the
Pauly reaction (diazotized sulfanilic acid), revealing the presence of
histidine [30] (Fig 5). These observations corroborated biochemical
Figure 4. X-ray spectrum obtained for a sample of stratum corneum isolated
tape stripping. The sample was analyzed without fixation by energy dispersive
x-ray microanalysis using Cambridge Stereoscan Mark II Scanning Electron
Microscope in the STEM Mode fitted with an ED AX 707A peak identification
computer and CRT. A characteristic sulfur Kalpha peak recorded from the
sample at the 2.3 keV position is significantly higher than the background
radiation (continuous radiation in the spectrum shown to the right of the sulfur
peak). The aluminum peak is the result of x-ray emission from the microscope
chamber. The arrows indicate the overlap ftween squames of different layers.
Figure 5. Normal human adult skin from abdomen showing concentration of
histidine in transitional layers of epidermis after reaction with Pauly reagent.
Formalin fixation. ( 365) (From Reaven and Cox, J Invest Dermatol, 45:424,
1965)
Figure 6. Radioautograph at the junction (arrows) between stratum
granulosum and stratum corneum of newborn mouse epidermis two hours
after intraperitoneal injection of Histidine-H3. Portions of two cells contain
keratohyaline granules (irregular gray bodies), upon some of which there are
superimposed filamentous foci of reduced silver. Several silver particles do
not correspond to keratohyalin granules, but none are seen in the stratum
corneum (above the arrows). ( 8,300) (From Cox and Reaven, J Invest
Dermatol, 49:32, 1967)
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studies in which a sulfur-poor, histidine-rich, basic protein (now known
as filaggrin) was identified in extracts of keratohyalin [31–34] and by
labeling studies which showed that 3H-histidine injected into animals
(newborn rats) [35,36] or incubated with epidermal slices (cow snout)
in vitro [37] was taken up rapidly, specifically and selectively by cells of
the granular layer, localizing within the KHGs (Fig 6). Light and EM
autoradiographs prepared from the tissue samples at several time points
Figure 7. Paraffin sections of newborn rat skin stained with H and E or antifilaggrin/profilaggrin antibodies. A, Hematoxylin and eosin-stained paraffin section of
newborn rat skin. HC, hair canals; sb, stratum basale; ss, stratum spinosum; sg, stratum granulosum; sc, stratum corneum. Bar¼50 mm. B, Localization of
binding of antibodies directed against filaggrin/profilaggrin. Note reaction product in the granular cell layer. Abbreviations as in A. Bar¼ 50mm. C, Bright-field
micrographs of autoradiographs localizing hybridization of profilaggrin and plasmid (35S) cRNAs. The profilaggrin cRNA probes hybridize in the granular cell
layer and in the granular cells of the hair canals (HC) of the epidermis. Arrowheads indicate approximate location of the basement membrane. Bar¼50 mm. D,
probes lacking profilaggrin sequences do not hybridize to sections of rat skin. Arrowheads indicate approximate location of the basement membrane.
Bar¼50 mm. (From Fisher et al, J Invest Dermatol, 88:662,1987)
Figure 8. Immunohistochemical staining of adult epidermis with an antibody
prepared against filaggrin from the stratum corneum. Note intense, granular
stainng of the cells in the granular layer, as well as staining of the stratum
corneum.  400 (micrograph courtesy of Dr. Beverly Dale).
Figure 9. Isolated ‘‘macroaggregates’’ (KHG) which resemble KHG in situ.
Marker: 0.2 micron ( 47,500) (From Sibrack et al, J Invest Dermatol, 62:397,
1974)
92S HOLBROOK THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
after injection/incubation followed the labeled protein from the granular
cells into the lower cornified cell layers and then to the outer layers
of the stratum corneum [35,36]. Other labeled amino acids (glycine
[38,39], arginine, serine and glycine [37,40]) were also incorporated into
KHGs. This localization of histidine in the KHG and translocation through
the cornified cell layer provided evidence that the KHG was an active site
for new protein synthesis in the granular cell and that the protein
synthesized was involved in the keratinization process. The messenger
RNA for profilaggrin has been isolated, and a cDNA clone prepared
against a 1200 bp fragment of a filaggrin cDNA clone has been used to
Figure 10. KG fixed in phosphate-buffered OsO4 after fixing in glutaraldehyde. In the epidermis (A) DHD (arrows) are observed at the edge, often where
attachment of tonofilaments are seen (30,000). In the transitional region (B) a combination of fibrillar component and DHD (arrows) compose a larger portion
of KG, as compared to KG in the epidermis ( 30,000). In the buccal mucosa (C and D) DHD (arrows) appear in the center, as well as at the edge (30,000).
(From Fukuyama and Epstein, J Invest Dermatol, 61:96, 1973)
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localize the message to the granular cells by in situ hybridization [41], thus
demonstrating that the message for the keratohyalin-derived protein is
synthesized in the same cell where it is translated (Fig 7a–d). Further
studies have demonstrated the relationship of the protein in the granular
and cornified layers.
Antibodies raised against the histidine-rich protein extracted from
granular cells [42] and the stratum corneum [42–44] stained both KHG and
cornified cells, indicating an immunologic homology between the proteins
of these two layers (Fig 8). In concert with these observations were the
biochemical data which revealed that histidine-rich, basic protein in the
keratohyalin granule was a high molecule weight, phosphorylated,
polymeric precursor (now called profilaggin [45]) of the immunologically
cross-reactive protein in the stratum corneum cell [46–47].
Although most of the morphologic efforts to reveal the chemical
composition of the KHG used tissue as starting material, morphologic
techniques were also used to reveal the structure and composition of
extracted keratohyalin granules reaggregated in vitro [48–50]. Phosphate-
buffer extracted bovine [49] and rat [50] KHGs were centrifuged and
dialyzed to form macroaggregates that were observed by scanning
electron microscopy, or embedded for light and scanning and transmis-
sion electron microscopy (Fig 9) and reacted with several histochemical
stains. The material in these preparations was found to be morphologi-
cally, histochemically [49–50] and immunologically [51] similar to that
in the tissue.
Metallic ions have been observed to be associated with KHGs, either
inherently or due to an affinitity of the protein within the granule for
Figure 11. Transmission electron micrographs of A) reconstituted keratin filaments examined on an EM grid with negative staining, B) macrofibrils prepared by
combining keratin intermediate filaments with keratohyalin-derived protein (stratum corneum basic protein, or filaggrin) in vitro and examining the preparations
on an electron microscope grid with negative staining. Note that the individual filaments are consolidated into larger ropelike structures of regular diameter. C)
Embedded, sectioned preparations of the macrofibrils and precipitated proteins (the electron dense material). Note the alignment of electron lucent filaments
alternating with electron dense matrix within the macrofibril (arrow). D) Lower stratum corneum cell showing the keratin pattern of electron lucent filaments
surrounded by electron dense matrix (presumably filaggrin). All micrographs  58,500.
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cations. The strong and selective binding of radiolabeled zinc seen
in autoradiographs of the epidermis was shown to correlate the high
histidine content of the KHG [52]. Binding of several other metallic
ions was demonstrated by reacting tissue with metallic solutions, then
recognizing the site of metal binding by the color of the staining reaction
when the bound ion was chelated by unoxidized hematoxylin dye. The
latter observations led to the speculation that the affinity of the KHGs for
extraneous material may indicate that they have a role in binding and
excreting toxic substances in the skin [53]. The more likely interpretation
of their observations is that the ions bind to the phosphate groups on
the profilaggrin or to ribonucleoprotein of the related ribosomes. X-ray
microprobe analysis has been used to compare the elemental composi-
tion of keratohyalin granules and will be reviewed below in the context
of the different components of the rodent KHG.
The KHGs of rodent epidermis vary in size, shape and chemical
composition, according to location (Fig 10a–d). Those of the deeper
layers are dense (osmiophilic), homogeneous and granular-appearing,
and associated with ribosomes and filaments at their surfaces [9]. High
resolution electron microscopic examination of this KHG has revealed a
substructure composed of 200A˚ average diameter particles, sometimes
organized in a lattice-like array [54]. The KHGs of this class are similar to
those of the human.
Two types of KHGs are found in the uppermost granular cells. The
first is the ‘‘single granule’’ [55], a small, round, uniformily dense KHG
that is often located near the periphery of the cell and is not associated
with filaments. Structures with the same morphology are also found in
the nucleus of granular cells [55,56] and as a component of the second
type of KHG (see below). In both the cytoplasm and the nucleus the
single granules have been shown by x-ray microanalysis to be sulfur-rich
[56] and by pepsin digestion of thin sections, proteinaceous [55].
Deposits of metallic silver over both the single granule and the cornified
cell envelope in tissue which has been reacted with silver methenamine,
and the position of the single granules adjacent to the cell membrane led
Jessen [57] to propose that the single granules may be storage organelles
for material of the cornified cell envelope. Subsequent studies
(mentioned above) in which 3H-cystine uptake and movement was
followed in rodent epidermis did not support this relationship [29,36].
The second type of KHG in the upper granular layers is a larger, more-
irregular and heterogeneous in structure ‘‘composite’’ granule [55,56]
(Fig 9). The interior of the granule is dense and composed of a pepsin-
sensitive, proteinaceous matrix [55]. Dense homogeneous deposits
(DHD), suggested to be equivalent to the ‘‘single granules,’’ are
embedded in peripheral, fibrillar material [9]. The composite granules
are sulfur-poor, but generate a major phosphorous peak when analyzed
by x-ray microprobe [56]. The high phosphorus content must correspond
to the localization of profilaggrin.
We have alluded to a few potential functions of the keratohyalin
granule in keratinization based on morphological evidence. Of these, the
best supported, by all evidence, is the concept that the keratohyalin
granule is a source of new protein (profilaggrin) which is processed to
filaggrin during the granular cell-cornified cell transition. Within the
cornified cell, filaggrin may function as an inter-filamentous matrix
protein that aligns the keratin filaments, and hence functions as the
‘‘interfilamentous glue’’ described by Brody [14]. In 1970, Jessen [55]
also proposed that the KHGs contribute to the interfilamentous material
of the cornified cell and has shown recently that the KHG in
glutaraldhyde-fixed tissue selectively bind colloidal gold-labeled staphy-
lococcal protein A in the same manner as the lower stratum corneum
Figure 12. Transmission electron micrographs of lamellar granules in granular cells of human epidermis. Note the apparent relocation of granules toward the
cell membrane in the upper granular layer cells (A). The alternating dense lines in the interior of the granule are shown in the inset. A cluster of lamellar granules
is seen in the intercellular space at the interface between the uppermost granular cell and the first cornified cell. (A)  25,000; inset 114,000; (B)  108,750.
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cells [58,59], thus suggesting similarity in the composition of these
two sites. Breathnach [60] amplified this role, commenting that KHG
substance could influence the extent of packing of filaments. Other lines
of evidence reinforce a precursor-product relationship between the KHG
and substance of the cornified cell.
More direct evidence for a role of the KHG-derived protein in
filament aligment comes from experiments in which reconstituted keratin
filaments in solution (Fig 11a) aggregated into macrofibrils when the
keratohyalin-derived protein, filaggrin (but not profilaggrin) was added
to the solution [61] (Fig 11b). When embedded in plastic, sectioned
and examined by transmission electron microscope, the macrofibrils
appeared as electron lucent filaments in dense matrix (Fig 11c), thus
simulating the ‘‘keratin pattern’’ (Fig 11d).
Although the arguments for a role of keratohyalin-derived protein in
providing the interfilamentous matrix in cornified cells and in aligning
keratin filaments are compelling, the story is not yet complete because
a ‘‘keratin pattern’’ can also be observed in stratum corneum cells of
patients affected with ichthyosis vulgaris, a disorder characterized by the
absence of keratohyalin granules and filaggrin [62]. These data indicate
that the role of the keratohyalin granule is not fully resolved.
Lamellar Granules (Table II) Morphology was the basis for discovering
the lamellar granule, and it has played a prominent role in unravelling its
function. Lamellar granules are small (100–500mm), membrane-bound
organelles, named variously for the appearance of their contents
(lamellar bodies, lamellar granules), their proported function in modify-
ing the cell membrane during the granular-cornified cell transition
(membrane coating granules), their relationship to keratinization
(keratinosomes), or in recognition of some of the first investigators who
described them (Odland bodies). They are found throughout the
cytoplasm of upper spinous cells (often in relation to the Golgi [63]),
increasing in number in granular cells where they eventually cluster
adjacent to the cell membrane (Fig 12a,b). In the latter cells, they may
account for 2% -15% of the volume [64].
Lamellar granules were first identified by electron microscopy as ‘‘small
granules’’ that were believed to be degenerated or transformed mitochon-
dria [65], viruses [11], secretory granules or vesicles (reviewed in [66]) or
perhaps a unique class of keratohyalin granule. Structural similarities
between the lamellar granule and mitochondria are frequently acknowl-
edged in the literature, although lamellar granules are significantly smaller,
typically found in different regions of the cell than the mitochondria, and
differ markedly in chemical composition (see below). The comparison
between the two organelles is based primarily on the similarities between
the membrane structure of the mitochondrial cristae and the sheets (or
tubules) in the interior of the lamellar granule [67].
Thin sections of epidermis examined by transmission electron
microscopy at high magnification have been used to demonstrate
alternating thick (20A˚) and thin (10A˚) dense lines separated by lighter
lamellae of equal width (20A) (Fig 12a, inset) [68] within the lamellar
granule, a morphology that is consistent with packing of a series of
flattened disks or unilamellar liposomes within an outer, boundary
membrane [69]. A model of this membrane structure has been prepared
to explain the alternating ‘‘lines’’ seen within the granules when
sectioned perpendicularly through the lamellae [69] (Fig 13). In some
lamellar granules, all the lamellae are not parallel throughout, but are
organized in two-three sectors, each of which contains of parallel
lamellae [70,71].
The lamellar structure suggests that these organelles are rich in lipids,
a presumption that has been confirmed by biochemical analysis [72–74]
and by histochemical and cytochemical staining of isolated fractions of
lamellar granules and/or tissue sections. Sections of epidermis reacted
positively in the granular layer for phospholipids (demonstrated by acid
hematin histochemical staining and by ictricomplex flocculation method
for electron microscopy), glycolipids (periodic acid Schiff positive
staining), and free sterols (digitonin-treated tissue prepared for freeze
fracture) [75] (Fig 14).
Phospholipids were also demonstrated by digestion of the lamellar
granules in thin sections with phospholipase C [76]. The reactions for
glycoplipids and phospholipids were more intense in the granular cell
cytoplasm than at the plasma membrane. In contrast, the membranes
of stratum corneum cells were intensely positive for lipids, but the
cytoplasm showed only minimal staining when the tissue was reacted
with the fluorochrome, 8-anilino-1-naphthalene sulfonic acid, ANS, that
recognizes lipids in general. Staining for neutral lipids (oil red O) was
also strongly positive at the surface of the corneocytes, and free sterols
were abundant in the intercellular spaces, as shown by freeze fracture
images [75] (Fig 15). The change in histochemical staining of lipids
between the granular and cornified layers corresponds to the biochem-
ical data supporting a remodelling of the polar lipids derived from the
lamellar granules into neutral lipids within the intercellular space,
presumably by the activity of enzymes also contained within the lamellar
granule (see below) [75].
Other organic molecules have also been demonstrated in the lamellar
granule by their specific staining properties. As noted above, cabohydrate
moieties, complexed with lipid or protein, were identified by positive
staining with periodic acid Schiff reagent (light microscopy) [63] and
periodic acid-thiocarbohydrazide silver protrminate (PA-TCH) (electron
microscopy) [77] or periodic acid and bismuth (PA-Bi) [72]. Positive
histochemical reactions also indicated that the lamellar granules contain
several hydrolytic enzymes: acid phosphatase, carboxypeptidase,
Figure 13. Lamellar granule disks in chicken MGBs (A). B, Profile of the
fracture face traversing the MGB shown in A along the line X—X. Note wide
fracture faces ending in a crescent deviating from the even cleavage plane,
and intervening narrow faces (arrows and arrowheads, respectively, in A.)
From Landmann, J Invest Dermatol, 87:204, 1986).
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cathepsin B-like activity, b-gluronidase (low activity), aryl sulfatase A and
B (low activity), acid lipase, steroid sulfatase, phospholipase A and
sphingomyelinase [74,78–80], The lipases and glycosidases are thought
to remodel the ‘‘probarrier’’ polar lipids (phospholipids and glyco-
sphingolipids) into more hydrophobic, nonpolar products (ceramides and
free fatty acids) that coalesce into sheets within the intercellular space
forming an effective permeability barrier and facilitating desquamation
[74,80]. The glycosidases also may act on glycoproteins of the
keratinocyte surface (see below). The interdisk spaces of the lamellae
within the granules and the intercellular lamellae appear to be storage
sites for calcium ion, as demonstrated by the formation of electron dense
precipiates when the tissue is reacted with oxalate-pyroantimonate-
osmium [81]. Calcium in these locations may mediate the fusion and
release of the contents of the lamellar granule into the intercellular space
and promote their subsequent reoganization into lipid sheets [81].
The structure of the organelle itself is sufficiently unique to have
attracted the attention of morphologists, but, in addition, the apparent
movement of the lamellar granules toward the plasma membrane as cells
move outward in the granular layer, their clustering at the membrane and
fusion with the plasma membrane dispersing their contents into the
intercellular space, and the similarity between the structure of their
contents and the material in the intercellular space have led to obvious
speculation about their function. It was thought initially that the released
material coated the plasma membrane and thickened the border of the
cornified cell (now known as the cornified cell envelope). Although
biochemical studies have been crucial in dispelling this hypothesis by
revealing the proteinaceous nature of the cornified cell envelope, and
that its synthesis and deposition were submembranous rather than
superficial, ultrastructural studies have also demonstrated that the
contents of the lamellar granule were separated from the intracellular,
dense material (thought to reinforce the membrane) by the plasma
membrane [60,82]. Tracer substances that permeate the intercellular
spaces contacted the contents of the lamellar granule on the surface of
the cell, but were never seen taken into the cell or associated with the
submembranous dense material of the cornified cell envelope [82].
These studies also argue against the hypothesis that lamellar granules
form from invaginations of the cell membrane and move into the interior
of the cell where they undergo dissolution—a mechanism once proposed
Figure 14. A, Unfixed frozen section of stratum granulosum plus stratum corneum stained with the fluorescent dye, 8-anilino-1-naphthalene-sulfonic acid
(ANS). Note diffuse fluorescence of granular cells (SG), while fluorescence in stratum corneum (SC) is limited to membrane regions ( 800). B, unfixed, frozen
section of stratum granulosum plus stratum corneum stained with oil red O. Note absence of stain in stratum granulosum (SG), while membrane regions of the
stratum corneum (SC) are intensely stained. In some regions oil red O-stained material appears to form droplets or lens-like pockets (arrows) ( l,200). C,
Formol-calcium fixed, frozen section stained with the Baker acid hematin method. Note intense staining throughout viable epidermis becoming minimal at the
stratum corneum (SC)-stratum granulosum interface. The stratum corneum is not stained ( 450). D and E, Stratum granulosum (D) and stratum corneum
(E) treated with the tricomplex flocculation method. In D note that the limiting membrane of lamellar bodies contains dense deposits (arrows), while the internal
contents of these organelles is not blackened. In E, the cytoplasm of corneocytes contains scattered, fine granular deposits and dense aggregates (arrows).
The latter appear adjacent to residual membrane-like spicules. Intercellular domains in both the stratum granulosum (not illustrated) and stratum corneum
contain no deposits. (D 95,000; E 62,000). (From Elias et al, J Invest Dermatol, 73:342, 1979).
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to explain reduction of the membrane surface area during the granular-
cormfied cell transition [83].
It is now well understood that the contents of the lamellar granule are
relased into the intercellular space where they reorganize into lamellae
that are the structural basis for the permeability barrier in the epidermis
[64,84]. Samples of skin prepared by freeze-fracture have been
particularly effective in revealing the reorganized contents of lamellar
granules, first into a series of discontinuous membranous disks that
coalesce to form broad lipid sheets that fill the space between the
granular and cornified cell [60,80,85–86]. Tracers (e.g., lanthanum,
horseradish peroxidase and ferritin) injected lntradermally and allowed
to percolate upward, or applied to the surface of the skin and allowed to
penetrate into the deeper epidermal layers, were blocked (in either
direction) at the position of the intercellular lipid lamellae; isolated,
perfused epidermal sheets behaved in the same manner unless the tissue
was pretreated with lipid solvents [64,86].
Information about the structure, function and composition of the
lamellar granule has been acquired relatively recently and has unfolded in
a more straight line course than was possible, for example, for the
keratohyalin granule. Because these structures are submicroscopic, they
eluded the histologists and were not subjected to intense investigation until
a time when more-sophisticated techniques for study were available that
could speed the progress in accumulating knowledge about this organelle.
Tonofilaments/Tonofibrils (Keratin Intermediate Filaments) (Table III)
There are few areas in epidermal biology that rival the ‘‘filaments’’ (10 nm,
keratin intermediate filaments) of keratinocytes for quantity of investigation
at all levels—from pure description of their presence and organization to
the molecular biology of the genes that encode their synthesis. Mention
has already been made of the filaments in granular cells as they are related
to the keratohyalin granule. This discussion, however, did not go beyond
the statement of their presence or identification of their nature other than
as their original, descriptive identity as ‘‘tonofibrils.’’ Currently we know a
great deal about the biochemistry, regulation of synthesis, and patterns of
expression of keratin filaments in different epidermal layers and under
pathologic conditions. Morphology has not played a dominant role in
these kinds of studies, but it has been useful to localize specific classes
of filaments within different layers of cells and to reveal the substructure
of the keratin filament.
The histology, ultrastructure and molecular structure of epidermal
filaments have been investigated, in parallel, over the years. Ranvier
described the anisotropic tonofibrils in the viable cells of the epidermis in
1879, but others thought these structures were either lymphatics,
membrane artifact resulting from shrinkage (Herxheimer, 1889), or
mitochondria (Parat, 1928) (reviewed in [4]). Filaments could not be seen
in living cells that were stretched and teased apart [87] or even in the
suboptimally fixed tissue prepared for electron microscopy; it was
suggested that the previously reported images of filaments were gelated
regions of cytoplasm [88,89]. Selby [90], however, clearly resolved
filaments (named by her as ‘‘tonofilaments’’) in basal cells in thin-
sectioned specimens of plantar epidermis and noted that they became
‘‘consolidated’’ into tonofibrils in the granular layer, assembled into a
‘‘lacy network’’ in the stratum compactum and then organized into an
even more compact aggregation in the statum corneum (Fig 16). The
filaments change in orientation from a basal-apical (vertical) distribution
in basal cells to a perinuclear distribution in the spinous cells, then to a
planar (horizontal) organization in granular cells, either effecting or
conforming to changes in the major axis of the cell [14,91]. Selby
concluded that the filaments in the cell persisted throughout keratiniza-
tion, whereas other components of the cell were ‘‘used up.’’ The
tonofilaments were precursors of ‘‘keratin’’ (as originally defined), and
changes in their density and substructure implied changes in their
molecular structure. Through these important morphologic observations,
the continuity of the filaments throughout the epidermal layers and their
apparent involvement in keratinization were established, concepts that
were supported at the same time by x-ray diffraction analysis of extracted
filament proteins, demonstrating that the x-ray patterns of tonofibrils in
viable and cornified epidermal cells are the same [20,21,92–94].
Data on the structure and substructure of reconstituted keratin
filaments (Fig 11a) formed under conditions of controlled polymerization
Figure 15. Stratum corneum intercellular domains before (A) and after (B) digitonin treatment. Note multilaminated nature of stratum corneum interstices
(indicated by numbers), and the extensive com-plexing of free sterols in these regions (arrows) (A 34,000; B 56,500) (From Elias et al, J Invest Dermatol,
73:344, 1979.)
98S HOLBROOK THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
have been used to develop models of the molecular structure of the
intermediate filament in general [95–97] and the keratin filament in
particular [98]. Negatively stained preparations of the filaments revealed a
substructure that consisted of four 4.5 nm diameter protofibrils, usually
wound in a right-handed twist. The filaments were further unravelled when
the filaments were reconstituted in phosphate buffer (or subsequently
treated with phosphate buffer) at pH 6.0–6.5 into 2 nm protofilaments.
An accurate number of these protofilaments could not be counted, but in
optimally separated areas there appeared to be 6–8 strands per filament.
Reconstituted filaments on grids were also subjected to proteolysis in
various concentrations of trypsin; such preparations revealed portions of
the filament that were unravelled, forming paracrystalline bundles which
showed protofibrillar structure and along each of these a 5.4 nm axial
repeat. The authors used these data to propose a model of the keratin
filament to consists of protofilaments, perhaps assembled two or three
stranded coiled-coil alpha helical segments of the keratin moolecule, into
the four protofibrils which constitute the keratin filament. This model
proposed for the keratin filament may represent the structure of other
intermediate filaments as well [98].
How these filaments are involved in the keratimzation process has not
come from the use of morphologic approaches, as much as it has from
other work. Based on morphology, it was suggested that the filaments
simply ‘‘moved through’’ the epidermis unchanged, serving as a scaffold-
ing, a structural framework on which other events of keratinization could
occur [12]. Kligman [99] described them as forming an ‘‘endoskeleton’’
that provides mechanical strength [100], yet permits elasticity and flexibility
and, through their association with desmosomes, counterbalances distor-
sion on one part of the tissue [12]. Keratin filaments have also been
suggested to help modulate and maintain cell shape, promote centration of
the nucleus, and to implement cell-cell contact (via desmosomes) [101].
These observations support their obvious structural role in the cell, but do
not address how they are involved in the process of keratinocyte
differentiation leading ultimately to keratinization.
The relationship between tonofilaments/tonofibrils and ‘‘keratin’’ and
the importance of these structures in keratinization has unfolded during
the last 20 years largely through biochemical and molecular characteri-
zation of the proteins (a family of keratins) that comprise these structures.
Morphology has played an important role in understanding this process
Figure 16. Transmission electron micrograph of full thickness adult epidermis showing the different organization of keratin filaments with cells of the basal,
spinous and granular layers. Note the vertical orientation of filaments in basal cells (B), the perinuclear bundles of filaments in spinous layer cells (S) and
the more vertical arrangement of filament bundles in the granular cells (G). The filaments are associated with desmosomes in all cell layers. 3675.
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by revealing the localization of specific keratin species within different
epidermal strata (and in other epithelia) and, in this regard, immunohis-
tochemistry has been a particularly valuable technique.
All of the epidermal cells in keratinocyte cultures and epidermal
sheets showed positive immunostaining when reacted with an anti-serum
prepared against extracted, partially purified, total keratin from human
callus [102]. The specific immunologic properties of individual keratins
were revealed in later studies and became one of the criteria for
recognizing heterogeneity among keratin filaments. Classes of keratins
have been defined within the two subfamilies on the basis of charge,
molecular weight, amino acid sequence, immunoreactivity and gene
structure [103]. Keratins in mammalian epithelia fall into seven classes
that can be recognized by monoclonal antibodies—in particular, the
AE1, AE2 and AE3 monoclonal antibodies (prepared against keratins
extracted from human callus that differ in molecular weight and charge)
[104]. The use of these antibodies has increased our understanding of
patterns of keratin expression in tissue according to state of differentiation
[105], type of epithelium [104], body site, embryonic origin of the tissue
[102], extrinsic conditions, disease state [106] and, to some extent,
species [103]. Keratinizing epithelia contain the 65–67, 58, 56 and
50 kDa keratin species. Of these, the 65–67 kDa and 56 kDa keratins are
found normally in suprabasal cells where they are recognized in
immuno-stained preparations by a positive reaction with the AE2
monoclonal antibody (Fig 17a). The 50 and 58 kDa keratins are present
in basal cells, recognized by positive immunoreactivity with the AE1
monoclonal antibody (Figs 17b). These keratins are also present in
suprabasal cells (as demonstrated biochemically and by the use of other
monoclonal antibodies that recognize a different epitope from the AE1
monoclonal [107,108], but the epitope recognized by AE1 is masked
above the basal layer under normal conditions. This example illustrates
the caution one must take in interpreting immunohistochemistry and
demonstrates the importance of confirming negative results with other
approaches [104].
Immunohistochemical staining of keratin filaments has also revealed
the organization of filaments within cells and the relationships of keratin
intermediate filaments with other cytoskeletal (microfilaments, micro-
tubules) elements within the keratinocyte [109].
Granular Cornified Cell Transition: Degradative Events
The remarkable transition of the viable granular cell into the nonviable
cornified cell is accomplished by the modification and transfer of some
components between these layers (keratins, profilaggrin, enzymes, lipids
and proteins of the cornified cell envelope), as well as by the degradation
and loss of others (nucleus, cell organelles and ground substance). The
latter is accomplished normally in tissue and in cultured keratinocytes
without an accumulation of debris in the intercellular space. Observa-
tions made on ‘‘transitional cells’’ provide some insight into the structural
changes that occur during this process (Fig 18). Transitional cells possess
morphologic characteristics of both granular and cornified cells and,
although they are seen only sporadically in sections of human epidermis,
they form a continuous layer in the cow rumen. Ultrastructural studies of
this layer have shown that such cells contain an increased number of
lysosomes, autophagosomes containing lysed cell contents, aggregated
KHGs, lipid accumulation, perinuclear clearing of the cytoplasm [10],
and a cornified cell envelope [8]. Changes in the nucleus during this
transition have been well-described.
Nuclei in the granular layer flatten and assume a horizontal
orientation. Different images of their structure in transitional cells suggest
that they go through phases of condensation and cessation of RNA
synthesis, followed by degradation of the nucleoprotein, leaving nuclear
remnants in the form of dense fibrillar material that is deposited outside
of the nuclear envelope, presumably having been transported to that site
[110]. Enzymes associated with the breakdown of DNA and RNA have
been demonstrated biochemically [111], and areas of intense enzyme
activity have been localized in the region of the upper granular cells and
Figure 17. Immunohistochemical staining of keratin polypeptides in adult
epidermis using the monoclonal antibodies AE2 A and AE1 B 100 (on
slide).
Figure 18. Transmission electron micrograph of a transitional keratinocyte (T)
in adult epidermis. Note that the electron dense material in the cytoplasm is
similar in morphology to the content of the first cornified cell. The nucleus
is condensed and a cornified cell envelope is evident. A cluster or ribosomes
is seen adjacent and inferior to the nucleus but no other organelles are
apparent within the cell.  17,500.
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lower stratum corneum by a method developed by Daoust [112] in
which gelatin films containing DNA and RNA are applied to frozen
sections of skin. At sites where the enzyme is present, the molecules in
the film are digested, leaving clear areas in the stained film which can be
superimposed on the stained section [113]. Studies of nuclear degrada-
tion in cultured keratinocytes have revealed that serum plasminogen
activator plays an active role in nuclear destruction [114]. Digestion of
thin sections of fixed, embedded tissue with RNase and pronase and
staining for DNA with Schiff-thallium demonstrated that there is a
decrease in RNA in the nucleolus, and not necessarily a correspondence
between the electron dense material in the nucleus and the distribution of
nucleic acid [115].
Movement of cells out of the granular layer is also associated with
loosening of cells from one another and, ultimately, separation and
desquamation. Because adhesion is brought about by desmosomes, cell-
surface components and substances of the intercellular milieu, cell
separation presumably results from changes in the same. The degradation
of desmosomes begins in the granular layer and involves changes in both
its structure and biochemistry [116]. Skerrow [117] demonstrated that the
desmosomes of granular cells are more resistant to separation when the
epidermis is treated with trypsin. The trypsin-resistant material may
correspond to a 78-kDa glycopolypeptide that was identified by King
et al [118] as a major concanavalin A-binding protein from extracted
epidermis. An antibody made in response to this glycopolypeptide bound
to material between the desmosomes in granular and lower cornified cell
layers and cross-reacted with higher molecular weight Con-A binding
glycoproteins, including desmoglein II/desmocollin thought to be
involved in cell-to-cell adhesion [119]. The antibody failed to react with
trypsin separated epidermis. The data were consistent with their
interpretation that the smaller molecular weight glycopolypeptide is a
breakdown product that arises from the desmosome during terminal
differentiation, likely through the action of protease or glycosidase
enzymes [118] that may be released from the lamellar granule. Lectin-
binding studies and immunolabeling with antibodies against blood group
antigens have also shown that progressive changes in the sugar moieties
of cell-surface molecules (likely glycoproteins) accompany keratinocyte
differentiation [120–124]. How these changes also may affect cell
adhesion is unclear.
COMMENT
This is a cursory review of the recent history of the use of many
morphologic techniques in skin biology, focusing on a discussion of the
granular cell to demonstrate how morphology has been important in the
evolution of understanding the structure and function of this cell.
Descriptive information on cell structure has provided a framework used
initially to identify the components in the cell and to formulate
hypotheses about their role in epidermal function and differentiation.
Morphology has also played a role in revealing data about the synthetic
and degradative events that proceed simultaneously within this cell and
about the molecular and ionic composition of its organelles. This
information has been important throughout the years in the development
of concepts of keratinization, although clearly there were major gaps in
the morphologic data to be filled from research using other techniques to
provide a solid basis for understanding this process.
While we have tried to emphasize the breadth of information that can
be obtained from the array of morphologic techniques, and that the
technologies of various disciplines overlap, contemporary research is
successful in accelerating the pace in accumulating of new knowledge
because of its highly interdisciplinary nature. The morphologist has an
armamentarium of sophisticated, morphologic techniques to contribute
to this collaboration, and further development of these tools should
increases in pace with new approaches in other disciplines.
It was stated almost 40 years ago that’’y the signs are unmistakable
that the day of ‘molecular biology is here’; the need for deeper structural
knowledge that is met everywhere apparent in biological investigations is
definitely beginning to be met’’ in skin biology [125].
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